Thermal structure and dynamics of the Jovian Atmosphere.  1:  The Great Red Spot by Pirraglia, J. A. et al.
  
 
 
N O T I C E 
 
THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 
INFORMATION AS POSSIBLE 
https://ntrs.nasa.gov/search.jsp?R=19810016481 2020-03-21T12:24:02+00:00Z
f	
	 (HASA -Td-U0725) "IHEhSAL STRUCTURZ AND
	 1181-2501b
UIUAM -tc
 S VP IHL JJYIAw ± TAOSPHLUt. 1: THE
GREAT ICED SPOT ( NASA) 32 p HC A03/t!F A01
LSCL OJU
	
	 UUCl,ib
GJ/91 2b040
Technical Memorandum 80725
Thermal Structure and Dynamics of the
Jovian Atmosphere
I. The Great Rid Spot
F. Michael Flasar, Barney J. Conrath,
Joseph A. Pirraglia, Patrick C. Clark,
Richard G. French and Peter J. Gierascn
1 4
NOVEMBER 1980	
q ^^el
National Aeronautics and
Space Administration
Goddard Spam Flight Canter
Greenbelt, Maryland 20771
.s1.
f
THERMAL STRUCTURE AND DYNAMICS OF THE JOVIAN ATM05PHERE
I. THE GREAT RED SPOT
F. MICHAEL FLASAR
BARNEY J. CONRATH
JOSEPH A. PIRRAGLIA
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771
PATRICK C. CLARK
RICHARD G. FRENCH
AND
PETER J. GIERASCH
Cornell University
Ithaca, NY 14853
June 1980
REVISED NOVEMBER 1980
iABSTRACT
Temperatures End thermal winds, derived from Voyager IRIS usta over the
Great Red Spot and its environs, are presented. The atmosphere over the GRS
is eharaetorized by a tropopause which is cold relative to its environment
and an upper stratosphere which is relatively warm. The cold tropopause
implies a decrease in anticyclonic vorticity with height above 500 mb
through tht lower stratosphere. IRIS observations at Sum indicate little
emission from the GRS itself, but enhanced emission in a ring about it, in
agreement with recent ground—based results. The behavior of the tropopause
and 5Nm temperatures can be consistently interpreted as resulting from a
circulation which rises with!.:3 the GRS and subsides in the area around it.
The explanation of the upper stratospheric temperatures is not so
straightforward. A previous suggestion that they may be a manifestation of
the linear vertical propagation of Rossby waves appeari inconsistent with
the gross east—west symmetry in the 3trat03pneric temperatures over the GRS.
The implications of the present results for various theoretical models of
the CRS are examined, and the possibility that latent heat release drives
the GRS is discussed. Dyneinie81 sealing3 based on an ax13ymmetric,,
frictionally controlled vortex 3ugge3t that, aside from the nonlinearities
inherent in the parameterization of small—scale moist convection, the
large—scale dynamics of the CRS are linear, as distinct from those of a
tropical cyclone, which are markedly nonlinear.
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Introduction
One of the objectives of the Voyager infrared spectroscopy
investigation (IRIS) is the study of the t.:hermal structure and dynamics of
the Jovian atmosphere, on both global and local scales. One of the more
interesting features studied has been the Great Red Spot, which has been
continually c5served for the past 100 years and probably has existed 300
years or longer (Peek, 1958). In a preliminary report, Hanel *t al. (1579a)
pointed out the existence of relatively low temperatures in the upper
troposphere and lower 3t rato3pher4. above the GRS. Orton (1975) had
tentatively reachmd a similar conclusion based on analysis of Pioneer 10
broad-band radiometer data. Howevar, the IRIS data have sufficiently high
horizontal spatial resolution that, for the first time, the detailed thermal
structure associated with the GRS can be studied.
In this paper we first present the temperature fields associated with
the GRS, derived from the IRIS data for atmospheric prea:;ires 500 > p(mb) >
3. We discuss the tangential winds implied by tha3e temperatures from the
thermal wind relation. We summarize the structure observed at 5 um. We
then examine the dynamics implied by the observed thermal structure.
Finally, ws discuss our results in the context of several theoretical models
of the GRS. Latent heat release as an energy source for the GRS is
considered, and the analogies with and differences from tropical cyclones on
Earth are discussed.
Observations and Results
Approximately 18 hours before the closest approach to Jupiter of the
Voyager 1 flyby, spectra were obtained in orthogonal scans nearly aligned
with the (east-west) major and (north-south) minor axes of the GRS. The
resulting "cross" extended into the regions adjacent to the spot and is
depicted in Figure 1. Two spectra were acquired at each point of
observation and averaged. Vertical temperature profiles over the range 500
mb to 3 mb were then derived by using measured radianct93 at selected
frequencies as discussed by Conrath and Gautier (1980). Temperatures in the
upper troposphere (100 < p (mb) < 500) were obtained by selecting
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frequencies within the S(0) and S(1) hydrogen absorption lines. Since these
lines are quite broad, the radiances were not taken directly from the.
original pair-average spectra. Instead, to improve the signal-to-noise
ratio, they were taken from second-order polynomials fit to the spectra in a
least-square sense over a 20 to 40 am -1 interval at each selected frequency.
An exception was the radiance at 485 am - 1 , because of the contribution of
NH 3 at nearby wavenumbers; in any case, the noise level of brightness
temperature in this region of the spectrum is quite low. The resulting
formal error of the temperatures so retrieved is < 1 K with an effective
vertical resolution of 1/2 to 1 scale height. Temperatures in the upper
stratosphere (3 < p ( mb) < 10) were obtained from data at 1304.3 em-1 within
the CH  band, where the signal.-to-noise ratio is lower, and the formal error
in they retrieved temperatures may exceed 5 K. The effective vertical
resolution here is approximately 2 scale heights. Temperature information
in the range 10 < p (mb) < 100 was provided only by the low-pressure wing of
the CH  weighting function corresponding to 1304.3 cm 1 and the
high-pressure wing of the hydrogen weighting function Corresponding to 602
am 
1. 
Radiances at 1297.3 cm 1 and 1301.1 am	 were not used in the
temperature J.nver31on3 because of their low signal-to-noise ratio.
Consequently the detailed vertical structure of thin dart of the
stratosphere is poorly known.
East-west and north-south vertical cross sections of the temperature
fields in the vicinity of the GRS are presented in Figure 2. Preliminary
cross sections were given by Hanel et al. (1979a). In Fig. 2 the
temperatures indicated are deviations (K) from the average of the
temperature profiles obtained from the cross sequence. At the time of these
measurements, the visible spot was centered at 230S, 770W. The atmosphere
over the spot is relatively cold in the upper troposphere and lower
stratosphere (the tropopause level is located at approximately 100 mb). In
the east-west cross section, the upper stratosphere is relatively warm over
the spot. Moreover, the stratospheric temperatures are, in a gross sense,
symmetric about the central longitude of the spat. This symmetry has
important implications for the source of the thermal structure in the
stratosphere, as will be discussed shortly. The stratospheric temperatures
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above 10 mb in the north-south cress section are quite asymmetric about the
central latitude of the spot and may reflect the imbedding of the spot in
Jupiter's zone-belt system.
The temperature fields can .lso furnish useful information about the
winds associated with the GAS. If the tangential velocities are in
aeostrophic balance, and the vertical variation in pressure (including those
components associated with motions) is governed by hydrostatic balance, then
the tangential velocity, u, obeys the thermal wind equation (cf. Holton,
1972)
(Tinp )r
	
f Car	 (1)
P
u is defined to be positive for counterclockwise flow, . is the Coriolis
parameter, negative in the southern hemisphere, R is the gas constant of the
Jovian atmosphere, p is pressure, T is temperature, and r is a coordinate
vector directed normal to the tangential velocity and outward. Along the
major and minor axes of the GRS, r is equivalently the radial distance from
its center. The assUMption of geostrophic balance requires that the Rossby
number (Ro = characteristic tangential velocity/(f x horizontal scale of
GRS)) be small. Smith at al. (1979a) estimate it to be of 0(10 - ') at the
visible cloud top level. The assumption of hydrostatic balance requires
that the vertical dimension/horizontal dimension of the GRS circulation be
small. As discussed ' later, vertical scales o 10-102 km are not
unret.sonable, yielding a ratio < 10 -2 . Eq. (1) also assumes that frictional
forces can be neglected. About friction we can say nothing a priori.
We have integrated (1), using the derived temperature fields, to obtain
tangential winds as a function of pressure. In doing this we have
arbitrarily specified that u be zero at a pressure of 22 mb. The resulting
wind fields are presented in Figure 3. The formal uncertainty in the 500 mb
thermal winds is 10-15 m s-1 , except on the northern portion of the cross,
where smaller values of f result in larger errors. In Figure 3 there is a
well defined anticyclonic vortex in the lower stratosphere and upper
troposphere. The structure is resolved better in the east-west vertical
5
k
0
-..
rr
6
cross section, which indicates that the velocity field near the center of
the spot is not well organized. The vortex is annular, with the angular
velocity, u/r, largest well away from the center of the spot. The annular
region is quite thick and extends outward well beyond the visible spot (c.f.
Figs. 1 and 3), Even allowing for the IRIS field of view, a thickness of
6-90
 in longitude is indicated.
Mitchell et al. (1081), from velocity measurements of visible clouds
within the GRS, have also found that th, flow field exhibits an annular
structure. Along the mayor axis maximum velocities )ccur 9 0 in longitude
from the center of the spot; this corresponds to the inner portion of the
thermal wind vortex in Fig. 38. Measured velocities of visible clouds at
greater distances were not available. The maximL= cloud velocities measured
have a mean value of 110 m s 1 , although the dispersion about this mean is
large. Mitchell et al. have argued that this mean is representative of the
flow field all around the spot. The maximum thermal winds in the
north-south cross section (Fig. 3) are in rough agreement with this value,
but those in the east-west cross section fall well below it. Although the
assumption u (22 mb) s 0 may be inappropriate, there are other possible
explanations for this discrepancy. The mean flow field determined by
Mitchell et al. is characterized by a horizontal length u (au/ay) -1 a 2.50
in longitude; hence the IRIS observations may not have fully resolved the
horizontal gradients in temperature (c.f. Fig. 1). In addition, Mitchell et
al. have argued that the effect of centripetal acceleration is not
negligible at the eastern and western exteemities of the GRS flow, because
of the large radius of curvature there; they estimated Ro s 0.36 locally.
Inclusion of the centripetal term modifies (1) by the factor f/(f + 2 u/,Q),
where /Q is the local radius of curvature. For anti-clockwise flow (u > 0)
the factor is greater than unity for reasonable values of u, because f < 0.
Since $q scales roughly with distance from the center of the spot, the
magni"ude of this correction will be greatest at the inner portion of the
t)00 rob
vortex in Fig. 3a. Assuming u(500 mb) . 110 m s-i .	 t	 3 u dp nearly
doubles in this region.
	
22 mb	 p
YTangentia, wind fields have not been presented at pressure levels above
22 mb, since temperatures in this region have larger errors. It is evident,
however, that the warm core in the upper stratosphere (Fig. 2) implies,
through Eq. (1), an increase in anticyclonic velocities with height above 22
mb. It follows from Fig. 2b that this buildup will be displaced southward
by a few degrees from the vortex in Fig. 3.
Observations in the Sum region enable one to probe levels well below
500 mb, because of the minimal gaseous absorption at that wavelength.
Generally, sold temperatures at Sum are thought to result from the presence
of high altitude clouds, which block direct emission fron. the deeper, warmer
layers of Jupiter's atmosphere (Terrile and Beebe, 1979); conversely, warm
temperatures indicate relatively cloud-free regions. Observations at 5um
from the orthogonal scans are presekited in Figure 4. The core of the GRS is
cold at 5um, but it is bounded by a region of enhanced emission. Other
measurements, made during both Voyager encounters, hive indicated that the
region of enhanced 5um emission forms a ring about the spot. This annular
structure is least distinct east of the spot, where enhanced emission
extends continLously over a broad range of longitudes. The observed 51im
structure agrees with ground-based observations reported by Terrile and
Beebe (1979) and Terrile eL al. (1979a,b). The highest temperature observed
by IRIS at 5 um near the GR$ was 254 K (Fig. 4). With an average
atmospheric temperature vf 140 K at 500 mb and an adiabatic temperature
lapse rate below that level (Hanel et al., 1979a), an emission level of 4
bars is implied. This temperature is actually a lower limit since the
horizontal extent of the 254 K emissions may have been less than the
projected IRIS field of view (5o in latitude and longitude). However,
observations of 5um "hot spots" at higher spatial resolution made during the
flybys suggest an upper limit of 260 K (Hanel, et al., 1979a).
For comparison, the brightness temperatures at 602 cm 1 which
corrrespond to levels of the atmosphere near the tropopause, are also
presented in Fig. 4. They are reasonably well correlated with the 5um
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emission. Bounding the cold temperatures over the GO is a region in which
the temperatures are approximately 1 K warmer than those further out. This
warm ring is als-i evident in tht cross-sections of atmospheric temperatures
in Fig. 2. The Implications of this structure will be discussed shortly.
The IRIS data imply that any infrared opaque clouds associated with the
GRS lie at the 500 mb level or below. This conclusion follows from the
absence of appreciable attenuation of the S(0) line of hydrogen and because
the brightness temperatures at 226 am -1 are Consistently f 140 K. Hence
appreciable absorption and emission from clouds can only occur at or below
the 140 K level ( f 500 mb). Hanel at al. (1979b), from global infrared maps
with lower spatial resolution Q 8 0 in latitude and longitude), have found
this to be the case over the entire planet.
Figure 5 presents radiometer and brightness temperature maps of the
interior of the GRS. The maps are based on two observations per viewing
site and the effective spatial resolution is 2 0 ir longitude and 3 0
 in
latitude. Effects arising from varying emission (view) angle are small
relative to the structure depicted in the maps. The albed03 in the
radiometer map are higher over th ,s visible white feature in the northern
portion of the GRS. This feature was remarked upon by Smith, et al.,
(19790) and is suggest ! V
 a of an overlying cloud. The high albed03 are well
correlated with the low temperatures in the 226 cm-1
 brightness temperature
map. In a clear atmosphere, this wavenumber would primarily sense levels
near 800 mb (Hanel et al, 1979b), but more likely it is an indicator of
clouds at higher altitudes. If we adopt 
T226 
as a ►neaaure of cloudtop
temperature and ignore the possible contribution from horizontal variations
in NH3
 abundance (Hanel et al, 1979b), then we can estimate the relative
height of the northern feuture. With a lapse rate in temperature at p 
s
 500
mb close to adiabatic (2 K km -1 ), a temperature contrast of 4- 6 K implies
that the 1226 z 1 level of the northern white feature is 
s
 3 kn. higher than
the corresponding level over the rest of tha GRS. Cloud opacities, on the
other hand, should have minimal affect on the 602 cm 1 brightness
temperature map (Fig. 5, top), which senses temperatures near the tropopause
(-P 150 mb). The horizontal structure is probably indicative of differential
vertical motion, as discussed below and by Conrath et al. (1981).
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Discussion
Thot Rossby number of the overall tangential flow of the GRS, inferred
from visible cloud motions and integrated thermal winds, is small. implying
that this flow is in geostruphic balance to a fair approximation. A high
pressure care is therefore required at the levels of anticyclonic motion.
The altitude of the visible clouds associated with the GRS is not precisely
known; estimates range from 300 to 500 mb (Weidenachilling and Lewis. 19733
Gehrels, 1976; West and Tomasko. 1980). However, the absence of detectable
infrared opaque clouds above 500 mb and the observed decrease in
anticyclonic velocit 4,es above this level suggest that a high pressure core
does exist at 500 mb. Unlike the terrestrial planets there is no solid
surface on Jupiter (Stev m son and Salpeter. 1976); instead the interior is
believed to be convective throughout (Hubbard. 1968). The convection is
probably verb efficient, and only negligibly 3m-'1 horizontal gradients in
pressure and temperature can be maintained (Ingersoll. 1976x. Flasar and
Gieraseh, 1977, 1978). Therefore the presence of a high pressure core at
500 mb implies the existence of a warm core below this level but above that
where thermally driven convection is efficient. It has been estimated that
this latter regi ,m must be below the level at which water condensation
occurs, i.e. s 7 bars (Bareilon and Gierasch. 1970; Gierasch, 1976).
The cold tropopause can plausibly be explained in terms of vertical
motion. The 5um observations, presented earlier, suggest that the GRS
itself is cloudy. but that there is an annular region about it devoid of
high altitude clouds. If, by analogy with terrestrial tropical systems,
cloudy areas can be associated with up-welling, adiabatic cooling, and
condensation of a saturated gas (i.e., NH I ), then the 5um data imply rising
motion within the CRS and subsidence in a ring around it. The adiabatic
cooling associated with the rising motion would give rise to a cold
tropopause in the absence of local diabatic heating. By the same token, the
adiabatic heating associated with the compensating subsidence should give
rise to tropopause temperatures in the peripheral ring which are higher than
the ambient value. Some evidence of .his can be seen in the 602 cm-1
brightness temperatures in Fig. 4. Outside the cold core, there is a
peripheral band with temperatures slightly higher than the background mear:.
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Hanel at al. t1979a) suggested that the structure in the stratosphere
above the spot could he explained in terms of st.stionary quasi-geostrophic
waves forced by the interaction of the geopotential high in the upper
troposphere with an ambient mean flow. The decay of anticyclonic motions
and temperature difference in the lower stratosphere would result from the
decay of shorter-wavelength components, which cannot propagate vertically in
the stratosphere (Charney and Dratin, 1961). The penetration height, f L/N,
where L is the horizontal scale of the GR9 and N :he Brunt-vaisalla
frequency, is about two scale heights, in agreement v,ith the data (Figs. 2
and 3). The structure in the upper stratosphere 'p t 10 mb) would be a
manifestation of the longer wavelength components, which can propagate
vertically provided the ambient flow in the stratosphere is eastward. This
hypothesis is investigated quantitatively in the Appendix by means of a
simple model, The difficulty with this interpretation is that the
theoretical model predicts that vertically propagating wave disturbances
should only appear downstre,—
 from the GRS, i.e., east of it, whereas Fig.
28 suggests that the thermal structure in the upper stratosphere is
symmetric about the central longitude of the spot. The discrepancy might be
explained by the simplicity of the model: linearized wave propagation in a
background zonal flow which is uniform. The anticyclonic velocities of the
GRS are probably not small compared to the ambient zonal flow. Nevertheless
we feel that the qualitative disagreement suggests that the structure above
the GRS in the stratosphere is not a direct manifestation of the thermal
field associated with vertically propagating Naves.
i	 Previous theoretical models of the dynamics of the CRS have fallen
naturally into two classes:
	 those which treat the spot a3 a free solution
of the inviscid potential vorticity equation, and those which are mainly
concerned with the energy drive of the GRS. Ingersoll (1973) was able to
r	 construct steady solutions of the barotropic vorticity equation to obtain
circulation patterns which resemble those of the GRS and the neighboring
currents. Maxworthy and Redekopp (1976) (see also Redekopp, 1977; Maxworthy
et al, 1978) have considered a special class of nonlinear neutral solutions
of the baroclinin potentia?. vor`icity equation, 5olitons, in which the
tendaucy of nonlinear advection to steepen the waves is balanced by
10
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dispersion. They argued that the GRS is localized near the tropopouse and
is not a deep-seated circulation. Although their model does predict cooler
temperatures at the tro p pause, it does not naturally explain the peripheral
warm ring observed at that level. Moreover, the observed decrease in
anticyclonic vorticity above 500 mb, :he necessity for a warm core below
that level, and the subsidence down to at least 4 bars implied by the 5 um
data all suggest that the CRS circulation does extend into the deep
atmosphere.
The manner in which these frea solutions are maintained •gainat
frictional and radiative dissipation is not Created in the models.
Maxworthy and Redekopp (1976; see also Redekopp, 1977) hypothesized that
waves which are slightly unstable barotropically can extract energy from the
horizontal shear of the background zonal flow. However, the manner in which
the precise balance between unstable growth and dissipation is preserved has
not been delineated. Perhapr; the chief value of the free solution models in
their present form is that they are capable of reproducing the observed
horizontal flow, suggesting that the required forcing in the presence of
dissipation need not be very special.
The energy source driving the GRS and producing the warm core beneath
the visib:e cloudtop is not known, but the inferred upward motion within the
spot suggests that it may be associated with the latent heat release of
condensing water vapor. Several authors (Barcilon and Gierasch, 1970;
Gierasch, 1976; Ingersoll, 1976b) have emphasized the role that latent heat
release may have in maintaining the zone - belt circulation. Kuiper (1972)
drew a close analogy between the GRS and tropical cyclones (hurricanes) on
Earth for which the heating from water vapor condensation plays a central
role. Ingersoll (1976b) has noted that the GRS is dynamically similar to a
hurricane since both (excluding the hurricane's eye) have warm sores of
rising motion, but stressed that the details of their low-level moisture
convergence probably differ. This is because a tropical cyclone is bounded
below by a well-defined horizontal surface -- the ocean -- along which
pressure gradients can be maintained, and therefore convergence is
associated with a low pressure center. On the other hand, the GhS is
bounded below by an adiabatic fluid, in which horizontal pressure gradients
F
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are neglitible. Thus low-level convergence may result primarily from the
balance between the frictional stress generated by the overlying
anticyclonic vortex and the Coriolis torque on the radial velocit y , mieh as
it is in the wind-driven upper layers of the terrestrial oceans. Ingersoll
also suggested that the existence of a low pressure core at the surface
explains why hurricanes are strongly cyclonic through most of the
troposphere and only weakly anti—cyclonic at the tropopause level (f 100
mb) .
A simplified model which serves as a useful vehicle for comparing the
dynamics of tropical • yclones and the GRS is that of a frictionally
controlled oxisymmetrie vortex. Ogurs (1964) has considered this model in
the limit where the Rossby number. Ro, is of order unity or greater and
applied it to hurricanes. The case in which Ro (( 1 is outlined in the
appendix of the companion paper by Conroth at al. (1981). Table 1 compares
the observed properties of tropical cyclones ti.;ken from the composited data
of Frank (1977x) and Shea and Cray (1973), with those of the GRS.
Comparisons are made of the t,ropopause and the lower troposphere. In Table
1 tangential velocities are defit.ed to be positive if they are cyclonic.
Hurricane anticyclonic velocities are strongest near the tropopause.
At this level the tangential velocities increase more or less linearly with
radius to 
-0 1300 km from the center of the storm; they do not have the
annuls structure implied by Fig. 3 for the GRS. Although the hurricane
anticyclonic velocities are weaker than those of the GRS, the Rossby number
is greater. Ro a 0(1), and the tangential velocities are not in geostrophic
balance: the contribution of the nonlinear centripetal acceleration to the
radial momentum equation is significant. The larger value of Ro for the
terrestrial storm is a consequence of the smaller Coriolis frequency and
horizontal dimension.
Like the GRS, a hurricane exhibits a cold core, with maximum thermal
contrast occurring near the tropopause level. The cold temperatures are
believed to result from cumulonimbus overshooting (Frank, 1977a,b). The
Burger number, c, and the Richardson number, Ri, are measures of the mean
vertical stratification (N is the horizontally averaged Brunt—Vaisala
12
—,
frequency). For an axisymmetriu, frictionally controlled vortex, these
nondimensional quantities arise in the dynamical scaling of the
thermodynamic heat equation ( Conrath at al, 1981; Ogurs, 1964). When Ro <
1, a Ro-i measures the magnitude of the effect of vertical motions acting on
the mean, or basic state, temperature field relative to the nonlinear
advective terms in the heat equation; Ri measures the corresponding ratio
when Ro > 1. According to Table 1, Ro < 1 and a Ro-1
 >> 1 for both the GRS
and the hurricane at the tropopause; the adiabatic cooling associated with
rising motion, therefore, should dominate and produce the cold tropopauses
which are observed.
Although thb circulation in the lower troposphere of a tropical cyclone
typically extends out to s 10 3 km, the largest tangential velocities and
horizontal gradients in temperature occur over the inner 10 2 km. The
maximum cyclonic tangential velocities occur near 850 mb and are of the same
order as those observed for the GRS. The horizontal scale of the hurricane
in this part of the atmosphere is so small that, above the frictional
surface boundary layer, the tangential flow is cyclostrophic: the
n.entripetal acceleration nearly balances the radial pressure gradient. The
estimate, Ri s	 implies that horizontal and vertical adveetion of heat are
comparable; the lowest order balance in the heat equation is therefore
nonlinear.
The parameters for the GRS below the visible cloud deck are highly
uncertain. The horizontal scale has been assumed to be similar to that
observed at th ,^  cloud top level. Uncertainties in this scale affect the
estimates of Ro and e. The GRS vertical scale has been chosen on the
assursption that the water clouds are dynamically important. The horizontal
temperature contrast, 6 K, is that value which, upon integrating the thermal
wind relation, (1), from the base of the water clouds, 
s 
7 bars (Gierasch,
1976), produces a 100 m 3-1 anticyclonic wind at the 500 mb level. This is
three times the thermal contrast which is estimated, using the solar
abundance of water ( q 
s 
8 x IO-3
 g H2 0/g atmosphere) from the relation
C  dT s T d( T	 (2)
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(cf. Holton, 1972; C  is the specific heat at constant press-re, T is
temperature, and h the latent host of condensation) and the 83V option of
saturated updrafts and dry downdrofts (Gieraaoh, 1976; Ingersoll, 1976b).
It is open to question gust how meaningful this last assumption is, since
moist convection on Earth exhibits a much more complex behavior. The
estimates of c and Ro in Table 1 for the GRS do sUQgest a flow in the lower
troposphere similar to that inferred for the tropopause: that of a
frictionally controlled vortex in which geostrophic balance and adiabatic
heating or cooling associated a&"th vertical motions dominate. As discussed
in detail by Conrath at al. (1981), such a system is linear relative to the
basic state fields.
Although a tropical cyclone, viewed as a frictionally controlled
axisymmetric vortex, is highly nonlinear, the GRS, excluding the
nonitrearities of the latent heat release process, may allow a linear
description of its large-scale motions (Conrath at al., 1981), and in this
sense represent a simpler dynamical system. The parameterization of moist
convection in Jupiter's atmosphere, however, is not known. It is not clear
how useful a guide terrestrial experience will be, since the lower
boundaries on Earth and Jupiter are so dif,'erent. Nonetheless, questions
such as this must be addressed if the viability of the latent heat
hypothesis for the GRS is to be realistically assessed.
Summary and Conclusions
Consistent with ground-base(i measurements, loan
 5 um brightness
temperatures are observed by IRIS over the GAS, indicating the presence of
relatively high-altitude clouds; high temperatures are detected in a
peripheral cloud-free ring about the spot, with emission from levels > 4
bars. The atmospheric temperatures near the tropopause exhibit a similar
structure: there is a well-defined cold core surrounded by a peripheral
band in which temperatures appear slightly warmer than the background mean.
These data are consistent with a local circulation in which there is rising
motion within the spot and subsidence in an annular region about it. The
adiabatic cooling and heating associated with this vertical motion are
responsible for the observed thermal structure at the tropopause.
14
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.he cold tr .:iperaturea above the spot imply a despinning of anticyclonic
motion with height above 500 mb into the lower stratosphere. This, coupled
with the fact that infrared opaque clouds are not detected above 500 mb,
implies the presence of a high pressure core over the spot at this level.
This necessitates the existence of a warm core and an attendant source of
heating at deeper levels of the atmosphere, which is consistent with thf
deep circulation suggested by the Sum data.
The energy sour-ie which produces the warm core below 500 mb and the
vertical motions described above is not known, but latent heat release
associated with water vapor condensation is a viable candidate. The
dynamical scalings based on an axisymmetric, frictional)y controlled vortex,
which appear capable of explaining the gross structure of both the GRS and
tropical cyclones, suggest that, aside from the nonlinearities inherent in
the latent heat release process, the large-scale dynamics of the GRS are
linear, whereas those of a tropical cyclone are markedly nonlinear. In
addition, as previously noted by Ingersoll (1976b), the lower bounl arses are
quite different for the two systems. To achieve further progress in
modeling the GRS dynamics, based on latent heat exchange, requires a
fundamental study of the parameterization of moist convection in a deep
atmosphere.
Finally, the IRIS date indicate temperatures in the ypper stratosphere
over the GRS which are warmer than those in the surrounding region. An
earlier suggestion by Hanel et. al. (1979a), that the temperatures at these
altitudes are a ma ►^ifestation of vertically propagating Rossby waves,
appears to be inconsistent with the observed spatially resolved thermal
structure.
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APPENDIX. Stratospheric Waves Driven by Geopotential Forcing at the
Tropopause
Hanel et al. ( 1979a) suggested ttirt the thermal structure in the
stratosphere above the GRS could be understood in terms of vertically
propagating waves, forced by the interaction of the geopotential high at the
tropopause with the ambient mean flow. For scales of interest and for
stratospheric winds cf a few tens of meters per second, the frequencies
excited within the stratosphere are lee3 than the Coriolis frequency.
Inertia-gravity waves are therefore not 3xcited and the dynamics is
quasi-geostrophic. The simplest model is one in which the ambient
stratospheric flow is uniform, the forcing is stationary, motions are
adiabatic and inviscid, and the 0-approximation is adopted. The resulting
linearized dynamics is well understood ( Charney and Drazin, 1961; Holton,
1975). The linear variables can all be express: :d in terms of the
perturbation geopotential m, and a single Fourier component,
m( x ' Y. z ) s mkt e
z/2H e i ( kx + ty + nz ) 0	 (A.1)
yields the dispersion relation,
n 2 H 2 =.8 .1;L2 - ^ X.2 ( k2 + t2 )	 (A.2)
Here, x, y, and z dencte eastward, northward, and vertical ( log-pressure)
coordinates, and k, t, and n are the corresponding wavenumbers; 8 : df/dy, u
is the mean stratospheric wind, H is the scale height, and 4 is the Rossby
deformation radius,
Z
	 N H	 (A.3)
(Detailed definitions of most of the symbols used in this section can be
found in the appendix of the companion paper by Conrath, et al., 1981).
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When n2
 > 0, the requirement that energy propagate upward requires n/k < 0;
when n2 < 0, boundedness as z . • requires Im(n) > 0. Calculations have
been made with an imposed gisopotenti,al disturbance at the tropopause (z=0)
of the form,
-(x2 ,• Y2 )142
0(x,Y,z a0) a 40 e
	
(A.4)
The computation is straightfcrward. The Fourier transform of (A.4) gives
Okt and the inverse transform of (A.1) gives the predicted m(x,y,z). Other
quantities of interest can then be evaluated from the equations of motion
(see, for example, Holton, 1975).
From (A.2), vertical propagation (n 2 > 0) is only possible for eastward
mean flows (u > 0) which are less than the critical value,
0  
x 49 
7t 2	 (A.5)
For a mean statospheric lapse rate, W az = 1 K km-1 , x,o 4000 km and 0uc
290 m s 1 at a latitude of 230 , which most likely is far in excess of the
magnitudes of the mean winds in the stratosphere of Jupiter. A forced
disturbance of the form ( A.4) will excite modes with wavenumbers
(k2 + L2 )
1/2 < a-1. Since longer wavelength modes are favored for vertical
propagation (A.2), it follows that larger-scale forcing ( $a2/u > 1) produces
vertically propagating waver more efficiently. Figure 6 illustrates the
range of behavior which can be produ^c. by different scales of forcing.
Three cases are presented, representing weak, marginal, and strong vertical
propagation. The thermal structure in the latter two cases exhibits a
downstream ( eastward) tilt, which is caused by the 9 term. The
corresponding north-south cross sections are symmetric about the central
latitude of the forcing.
A comparison with the chserved thermal structure over the GRS is
instructive. In contrast to the model, the stratospheric temperature fields
depicted in Figure 2 are not	 	 symmetric with respect to the central latitude
1	 17
(2303), whereas they are roughly symmetric about the c.
(77 OW). The observed north-south asymmetry might result from the spatial
variation of u. Indeed. the zonally averaged flow observed at the visible
cloud tops exhibits a marked meridional shear, progressing from westward to
eastward velocities as one moves southward over the range of latitudes
occupied by the spot (Ingersoll st al., 1975; Smith at al., 1979b). It is
not unreasonable to suppose that the sense of the zonal flow persists
through at least part of the stratosphere. On the other hand, the eastward
tilt of the thermal structure predictel by the model appears to be more
fundamental. The analytic, 9-plane study by Simmons (1974; see the
discussion in Holton, 1975) suggests that such a tilt remains when u is
nonuniform; the effect of lateral shear and uniform vertical shear on the
dispersion equation is only to modify the effective 9 in (A.2). Perhaps the
baisio failing of the model is that it is linear. The criterion for
linearity to be valid is that the perturbation velocities be situ all relative a
to B. In contrast, the visible cloud motions (Smith et al, 1979x) indicate
that the tangential velocities of the GRS are comparable to the mean zonal
i
velocities, and, indeed, the zonal flow is substantially modified in the
vicinity of the spot. According to Figure 3, the GRS vortex remains well
defined above the tropopause.
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Table	 1
Tropical Cyclone GRS
Tropopause level (mb) 100 150
Tcenter - Tenvironment (K) -2 -10
Horizontal dimension: L (km) 103 104
Vertical Scale:
	
D (km) 6 25
Tangential velocity: U (m a ** -10 -50
Rossby Number:	 Ro a U (fL) -1 0.5 10-1
2
Burger Number: e a( f	 L) 7 1
Richardson Number: Ri :
	 c Ro -2 30 102
i Lower troposphere (mb) 980-200 >500
Tcenter-Tenvironmew (K) 	 (max.) 15 6
i Horizontal dimension! L(km) 102 104(?)
Vertical Scale: D(km) 8 100
Tangential Velocity:
	
U(m 3-1 ) 90 -100
Rossby Number: Ro 20 10-1
Burger Number:
	
c 300 <	 1
i
Richardson Number: Ri 1 J 10 2 
f
is
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Figure Captions
Figure 1: Inner portion of the GRS "cross" sequence. The IRIS fields of
view are superposed on narrow angle images taken during the
sequence.
Figure 2: (a) East-west vertical cross section of temperature fields over
the GRS. (b) North-south vertical cross section of temperature
fields over the ORS. The temperatures are deviations (K) from an
average temperature profile.
Figure 3: (a) East-west vertical cross section of thermal wind fields over
the GRS. Positive numbers indicate northward velocities. (b)
North-south vertical cross section of thermal winds over the GRS.
Positive values indicate eastward velocities. In (a) and (b) the
velocities at 22 mb have been specified to be zero.
Figure 4: Brightness temperatures at 602 em -1 and Sum, along the major and
minor axes of the GRS. The temperatures are actually averages
over 581-619 em 1 and 2001-2050 cm 1 , respectively. The signal
when T5um < 200 K is within the noise level of the instrument.
Figure 5: Interior of the GRS. Bottom: IRIS radiometer map of reflected
solar radiation (500-2500 cm -1 ) in relative units. Middle:
Brightness temperature map at 226 cm 1 . ?n a clear atmosphere
this wavenumber would sense a range of pressure weighted at. 800
mb, but in all probability it is sensing clouds at p > 500 mb.
Top: Brightness temperatures ;nap at 602 cm 1 (581-619 cm-1
average), corresponding to a pressure level of approximately 150
mb. The maps are superposed on a Voyager 1 image obtained during
the mapping sequence.
Figure 6: A model of the stratospheric perturbation temperatures created by
a circular Gaussian disturbance at the tropopause. For all three
panels SL2/u = 3.0, which corresponds to u = 25 m s-1 at 230
23
latitude and L s 4000 km. The smallest spot size (top) results
in weak propagation. Midd'6 : An intermediate oases in which
there is marginal propagation. Bottom: A spot the size of the
GRS's minor axis exhibits strong propagation, and the strength of
the propagation has resulted in an asymmetric temperature field
in which the cold region over the spot center has disappeared.
The magnitude of the tropospheric forcing has been specified in
oacn of the three doses tv emphasize the stratospheric thermal
structure.
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